OBJECTIVE
What does a batch growth curve look like? T~e answer to this question seems straight forward and any microbiology text book will provide you with virtual!y the same standard growth curve as the one depicted in Fig. 1 . It is obvious that exponential growth in a closed system cannot go on ad infinitum: sooner or later one of the essential nutrients will be exhausted and it is generally thought (and taught) that, no matter what the growth-limiting nutrient is, growth stops abruptly after its depletion. But is the answer really as clear-cut as has been taught for some seven decades since Buchanan's first review [1| on this subject? Here this question for the simple ease of a heterotrophic, aerobic microbe will be addressed and some of the effects caused by depletion of different nutrients on the dynamics of growth and on cell composition will be reviewed. Also, some of the lesser-known phenomena which can occur in the exponential phase of batch growth will be looked at in more detail. 
INTRODUCTION
The first reports containing substantial quantitative data on the growth of microbes were made by Ward [2] and Mi~ller [3] shortly before the turn of this century, in a review on the subject, Buchanan ! 1 ] divided the bacterial growth cycle of a batch culture into seven distinct "life phases" (Fig. 1) . Virtually all of these "~life phases" had their "period of fashion" when they attracted the interest of many microbiologists. For example, in the thirties attention was focussed on the lag phase, in the fourties, the principles of microbial growth kinetics became firmly established by the outstanding work of Monod [4] (exponential and deceleration phase), whereas the exponential ~rowth phase and the concept of "l~alanced growth" were investigated extensively within the period from 1950-70. The reader can find selected highlights of and comments on this research in a collection of original articles [5] . Surprisingly little of this information has been included in microbiology text books. This is a matter of concern because the batch culture technique is fundamental to microbiological experimentation and ignoring its potential and its pit-falls can lead to inconclusive data and much wasted experimental effort.
It should be pointed out that the growth pattern described by Buchanan ( Fig. 1 ) originated from cultures of heterotrophic microbes, the growth of which was restricted by the supply of the carbon and energy source. With time this pattern became generalized and it is assumed today (although rarely stated explicitly) that this pattern holds equally well for cases where growth is restricted by other essential nutrients.
It seems obvious that the ability to survive the changes that occur in cellular composition, and the subsequent pattern of growth following depletion of an essential nutrient in the batch growth cycle, will depend on the nature of the nutrient limiting growth. However, we were unable to find any report in the literature of a series of experiments where, for a particular microorganism, the influence of different limitations on the dynamics of cell growth and composition was investigated systematically. Instead, many examples have been reported where deviations from the idealized growth pattern with either extended phases of decelerating or linear growth were observed and the authors were unable to explain the culture's behaviour satisfactorily. Therefore, this review was complemented with a series of experiments from our own laboratory [6] .
The review will concentrate on the dynamics of growth, nutrient consumption and cell composition in the exponential and subsequent phases in batch growth. The events taking place in these phases are clearly different. In the exponential growth phase it is the cellular composition during "balanced growth" at different growth rates which will be discussed. In addition, considerable emphasis will be placed on some phenomena of dynamics of growth and substrate utilization which have been igjaored by most microbiologists, such as the simultaneous utilization in batch culture of nutrients serving the same physiological function and the formation and rcutilization of products formed during exponential growth. This. because with the experimental strategies usually used these phenomena cannot be observed and thus often escape the experimenter's attention. In the section on the deceleration and stationary phase some of the principle processes which govern the redistribution of the cellular components after the onset of various nutrient limitations will be discussed and we will investigate whether the potential of microbes to adjust their cellular composition differs with the nature of the nutrient restricting growth.
So far, no review has approached the subject of batch growth in such a way and we are aware of the fact that, due to the breadth of the subject, many interesting aspects of batch growth have been either omitted or will be touched upon only briefly. Of particular note are the many cellular processes which take place in the lag phase before the cell resumes growth, also long-term starvation and survival or processes of cell differentiation as they occur in for example Bacilli or stalked bacteria. We have also chosen to restrict the discussion of regulation and expression of enzyme activity in cells exposed to batch culture conditions to a few selector examples. Throughout the review we will consider batch growth only under well defined, controlled conditions, i.e., in mineral media where the nutrient limiting growth is clearly identified, aeration is adequate, pH and temperalure are controlled. Conditions where microbes are grown in ill-defined (complex) media and growth is terminated by e.g. insufficient aeration, change in pH or accumulation of toxic products will not be discussed. In addition, the subject will be treated in a qualitative rather than in a quantitative way (mostly because of the lack of data). For appropriate mathematical treatment of batch growth the reader is referred to the excellent text hooks of Pirt [7] and Roels [8] . Effects of different nutrient limitations on cellular composition and physiology have been extensively studied using continuous culture although care has to be taken when comparing batch culture data and continuous culture data [13] . Such data will he used in a supportive way throughout this review. Results from starvation experiments, Le., when ceils were transferred (including sometimes a washing procedure) from batch growth medium to a starvation medium, are reported when considered necessary.
THE EXPONENTIAL GROWTH PIIASE

3~ !. Growth rate and cell composition
It has become standard microbiological practise to cultivate heterotrophic microbes in either nutrient broth, when cells have to be produced quickly and their physiological status is not so important, or in a minimum mineral salts medium amended with an appropriate source of carbon and energy, if •efined and reproducible growth conditions are required. In the former case, because of the complexity of the growth medium used, information on growth dynamics of the culture is usually restricted to measurement of the biomass produced. in the latter case data on biomass formation and utilization of the growth-limiting substrate are routinely collected and are thought to provide realistic information on the dynamic behaviour of the culture during the exponential growth phase. However, in batch cultures, the maximum growth rate constant achieved during the exponential phase can be manipulated within wide limits by . This apparently general pattern of cellular adaptation to nutrient restriction is especially useful for explaining effects observed during the stationa~ phase. Of course, the possibility to influence growth rate in the exponential growth phase depends on the nutritional versatility of the microorganisms studied. It might be of limited applicability for fastidious organisms that exhibit a restricted subslrale utilization pattern.
Single or multiple nutrient medium composition
Traditionally, defined synthetic media have been designed so that carbon, nitrogen, phosphorus or other nutrients essential [or growth are present as single compounds. Studies of batch growth in the presence of mixtures of nutrients serving the same physiological function have concentrated mainly on the phenomenon of diauxic growth. In general, diauxic growth behaviour has been investigated with heterotrophic microbes growing in the presence of two carbon and energy sources and the underlying molecular moohanism for regulation of both enzyme activity and synthesis ate well understood for many substrate combinations [19, 20] , However, offering a microorganism two or more carbon and energy sources at the same time does not necessarily result in a diauaic (or at least sequential) growth pattern. Both the oombination of substrates as well as their concentration affects the pattern of behaviour, In the ease of methylotrophic yeasts the synthesis of enzymes for methanol catabolism is severely repressed in the presence of glucose [21] . This results in diauxic growth when the cells are supplied with mixtures of glucose and methanol. However, during exponential growth with methanol plus other carbon sources, such as glycerol, sorbitoi or xylose, derepression of the enzymes involved in methanol catabolism was observed [22] . As a result such yeasts are able to simultaneously utilize both glycerol and methanol during exponential growth in batch culture (Fig. 3) . Until recently, the simultaneous utilization of mixtures of carbon sources has received far less attention than diauxie growth. One of the best studied examples is that of Pseudomonas oxalaticus which can grow simultaneously with oxalate and formate [23] . With this microbe the strong influence of cultivation conditions of the cells used for inoculation was demonstrated, since simultaneous utilization of oxalate and formate was observed only when cells were precultured with oxalate. Other examples of the utilization of mixtures of carbon sources in batch culture include the growth of Rhizobium trifolii with mannitol, arabinose and glueonate [24] , Thiobacillus A2 with glucose and galaetose (where additive growth rates were reported[) [25] [30, 31] . Hence, one can speculate that simultaneous utilization of such mixtures of carbon sources does not only take place under steady-state conditions but also under fluctuating (transient) growth conditions in the chemostat or in batch cultures with low initial substrate concentrations. Such experiments would yield valuable information on the behaviour of microorga.n_;sms with respect to the expression and regulation of their catabolic enzymes in natural environments, where they are subject to mixtures of substrates present at extremely low and fluctuating concentrations for extended periods of time [32] . Until recently it was extremely difficult to address this question because sensitive and selective analytical techniques to measure low substrate co{,centrations fast and without tedious smmple preparation were not available. above results suggost that simultaneous utilization of mixtures of carbon and energy sources in nature is probably the rule rather than the exception, both under the quasi steady-state conditions pertaining to ehemostat cultures and under conditions of fluctuating substrate concentrations under quasi batch conditions. The simuhancous utilization of two or more nutrients serving the same physiological puq~ose under batch culture conditions is not restricted to mixtures of compounds serving as sources of either carbon or nitrogen, but has also bccn reported in the case of mised terminal electron accepters [35] . These authors isolated a sulphur bacterium (Thiosphaeea pamotropha) from a wastewater treatment process that was both facultatlvely anaerobic and autotrophie with constitutive denitrification enzymes. Simultaneous utilization of both oxygen and nitrate as terminal electron acceFiors allowed this bacterium to grow faster than when supplied with either oxygen or nitrate alone ( Fig. 5 ) and hence outeompete the less versatile denitrifyer P. denitrificans under certain conditions [36] .
Product formation and reutilization
Growth of heterotrophic aerobic microorganisms in batch culture with only cells and CO2 produced from the carbon/energy source supplied probably never occurs: all microbes will release a variety of products into the medium during exponential growth, even under fully aerated conditions. These products are formed at various concentrations and include e.g. metabolic over-flow products and other metabolites, excreted proteins, cell wall components and other lyric products [37, 38] , For example, from the Grampositive bacilli it is known that large cell wall particles are sloughed off into the medium dug to the specific mechanism of growth of the peptidoglycan layer [39,401. F,. coli is known to excrete significant amounts of acetate and probably other compounds during exponential growth with glucose [41] . Our own results with K. pneumoniae confirm this observation with approximately 5-10% of the metabolized carbon being excreted in the form of acetate (Figs. [8] [9] [10] [11] [12] . Additionally, although growth yield was high (Yx/olu~osc ffi 0.59), a considerable amount of dissolved organic carbon (DEC) remained in the growth medium at the end of the batch culture. This Dec was not utilized until acetate was exhausted (Fig. g ). Because similar levels of nonidentified carbonaceous products were excreted by this bacterium over a wide range of growth rates (D = 0.05-0.'/ h -l) in continuous culture as well [42] , one can assume that during unrestricted batch growth with media supporting different growth rates excretion of such products always occurs. In fact, it has been reported that spent culture media when supplied again with the growth-limiting nutrient allowed faster growth in the second growth cycle due to stimulatory effects of metaboiites excreted in the first cycle [43] .
With K. pneumoniae the compounds excreted during exponential growth are known to depend on culture pH. Whereas acetate is the major product between pI! 6,8 and 7.3, additional production of pyruvate was observed at pH 6.0 [44] . The quantity and variety of products formed also depends on the nature of the carbon source, e.g.
when Beneckea natriegens was grown on glucose acetate production was observed, whereas no acetate was produced when succinate was the growth substrate [45] . The influence of carbon substrates on the excretion of acetate is probably best understood for g. coli. Detailed information Growth is given in In of dry welghl (g. I-I i produced. Acetone (A] was produced during the cultivation. Methanol (5(10 rag. 1 -t ) WIL~ also prescnl bat not utilized. Redrawn from [48] with permission.
on carbon fluxes during the exponential growth of E. colt is given in a recent review by Holms [46] . A wealth of information is available in the literature on the production of specific commercially interesting metabolites and the various physiologlcal ways ~o achieve maximum production rates (see e.g. Krumphanzl et al., ref. 47 ). However, with the exception of yeasts (see section 4.1.3.) data on the dynamles of metabolite production and subsequent reutilization are scarce. One example of this kind is shown in Fig. 6 , where a complex pattern of substrate utilization, product formation and subsequent reutilization is shown for the Gram-negative, solvent-utilizing thermophilie isolate NAI7 [481. This coccoid bacterium grew simultaneously with ethanol, isopropanol and n-butanol, isopropanol was partly oxidized to acetone which was only utilized in the late exponential phase together with the other three solvents, in spite of such a complex pattern of substrate utilization, the culture reproducibly exhibited two phases of exponential growth. In another case, batch growth of a Gram-positive bacterium with isopropanol as the only source of carbon and energy resulted in the initial transformation of isopropanol to acetone and methanol which were subsequently used for growth [49] , Interestingly, this organism was unable to grow with methanol as the only source of carbon and energy. Thus, methanol could only be used as a supplementary energy source and was completely oxidized to carbon dioxide. When this bacterium was supplied with acetone as the initial carbon and energy source large amounts of isopropanol were produced and long lags were observed, probably as a result of temporary depletion of reduced NAD, before growth started.
Growth with carbon sources containing heteroaloms
Many carbon substrates which support high growth rates also contain heteroatoms such as nitrogen, phosphorus or sulphur and, therefore, when metabolized can simultaneously act as both a carbon, energy and a nitrogen, phosphorus or sulfur source. Because of the dual role of carbon in both assimilation and dissimilation most of these compounds are carbon deficient, Hence the cells have to ,~xcrete a fraction of the heteroatom. In the case of carbon/nitrogen compounds the degree of reduction/oxidation, the position of nitrogen in the molecule and the catabolic pathway involved, all determine whether nitrogen is released as nitrite {50] or ammonium [51] . An example of this kind is shown in Fig. 7a for a baeterium growing with nitrilotriaeetate as its only source of carbon and nitrogen. During balanced growth the accumulation 0f ammonia exactly parallels the production of biomass. When the cells are supplied with an additional metabolizable carbon source they balance the uptake of both carbon and nitrogen so that no nitrogen is excreted (Fig, 7b) and at the same time achieve higher growth rates (0,07 h -1 versus 0,13 h-l).
Similarly, excretion of surplus phosphorus and sulphur as phosphate, sulphite or sulphate, respectively, has been observed frequently during growth of organophosph{on)ates or organosulph(on)ates [52] . The typical pattern of growth for a heterotrophic bacterium in a defined mineral medium with a single carbon and energy source as the growth-limiting nutrient is shown in Fig. 8 . Although many organisms excrete intermediary products during the exponential phase, usually 5-10% of the carbon metabolized, the transition from exponential to stationary phase due to exhaustion of the supplied carbon source is always observed to be abrupt and the deceleration phase is virtually absent or cannot be observed experimentally (see section 4.1.3.). This growth pattern has been confirmed for many organisms and seems to be independent of the carbon source used. Biomass concentration in the stationary phase usually remains constant for several hours. This has been clearly demonstrated in a number of instances including E. coil [41] , B. natriegens [45,531 and K. pneumoniae (Fig. 8) .
Ce// size and number
Ahhough total biomass remains constant during the first hours of the stationary phase, the number of cells, determined by plate counting, usually increases until a constant level is reached 1-2 h after depletion of the supplied carbon source [54] . This results from the fact that already initiated rounds of DNA replication and cell division have to he completed (see section 4.1.6.). The number of replication sites per cell is known to increase with specific growth rate (Fig. 2) and therefore it can be expected thai the number of additional cells formed is determined by the growth rate achieved during the exponential phase. In fas'~ growing bacteria up to four DNA equivalents per cell have been reported [15] and, therefore, a maximum of a 4-fold increase in cell number can be anticipated when growth of a fast growing culture is arrested by carbon exhaustion. For instance, a 2-fold increase in cell number 
Product formation and utilization
As can be seen in Fig. 8 , acetate produced during exponential growth of K. pneumoniae on glucose was utilized after glucose exhaustion without any significant lag. Virtually identical resuits have been reported for both E. coil [411 and B. natriegens [45] . In no case was any additional biomass formed. With K. pneumoniae, where pyruvate was produced in addition to acetate at low pH, the former was utilized preferentially to the latter [44] . For K. pneumoniae (Fig. g ) approximately 10% of the metabolized carbon remained in the culture medium after utilization of acetate in the stationary phase. This indicates that significant amounts of unidentified products were still present.
In contrast, various yeasts produce large amounts of ethanol and acetate from glucose during exponential growth under aerobic conditions.
In the case of S. cerevisiae approximately 40~ of the metabolized carbon is excreted as ethanol and for Brettanomyces intermedius similar ~nlounts ;)!' both acetate and ethanol production have been reported [65] . Both ethanol and acetate supported a second phase of growth, although in the case of the latter only after a significant lag.
Storage compounds
Most of the more extensively studied organisms like E. coti, K. pneumoniae and B. natriegens do not accumulate significant amounts of storage products such as poly-fl-hydroxybutyrate (PHIl), glycogen or polyphosphate during exponential growth in defined synthetic media (Fig. 8) 
An exception to this is Arthrobaeter crystallopoietes. This bacterium was reported to incorporate up to 40% of its dry weight as a glycogen-like polysacchafide during exponential growth in a synthetic medium containing glucose as the only carbon and energy source. This polysaccharide was immediately mobilized when the cells were subjected to carbon starvation [71] .
In contrast to growth in synthetic medium many bacteria do incorporate carbonaceous storage compounds in the exponential phase when they are cultivated in media containing peptone and/or yeast extract plus glucose [72|. Immediate degradation el these storage polymers was observed after exhaustion of carbon in the early stationary phase [70, 71, [73] [74] [75] [76] . Without addition of glucose to complex media little or no incorporation of storage compounds was reported [70, 74, 77] , Regulation of the synthesis of glycogen, PHB and polyphosphate under various growth conditions and their role in survival has been the subject of several reviews [18,'/0,78,79].
Cell envelope
When discussing changes of the call envelope resulting from nutrient eghaustion, the cytoplasmic membrane,, together with, in the case of Gram-negative bacteria the outer membrane, the pcriplasmic space, the peptidoglyean layer and the proteinaceous surface layer zll have to be considered. it can be anticipated that cells will respond to carbon exhaustion either by replacing low-affinity uptake systems for carbonaceous substrates with carriers exhibiting higher affinity or by increasing the number of different systems involved in carbon substrate transport. Such replacements are known for various substrates including sugars and (amip~o)acids and have been reviewed [10] .
However, information concerning such effects stems predominantly from studies in chemostats.
Whether cells can also adapt to nutrient depletion during the stationary phase of carbon-limited batch cultures by changing the composition of membrane proteins involved in transport is largely unknown. Nevertheless, after carbon exhauslion de nero synthesis of a number of polypeptides with unknown function [80, 81] and of specific cytoplasmic enzymes involved in catabolism has been reported [22, 31, 82] , suggesting that an adaplive response can be expected to occur for membrane proteins.
Information on changes in the lipid composition of the inner and outer membranes in batch culture is scarce. Although the regulation of phospholipid synthesis is known in considerable detail [83, 84] we are unaware of any systematic investigations concerning effects of exhaustion of different nutrients on phospholipid composition of membranes. Nevertheless, the ratio of the two major phospholipids, phosphatidylglycerol and eardiolipin has been reported to change upon onset of stationary phase in Micrococcus lysodeilc!it:zt~ [85] . Also, for Stophylococcus aureus and E. coli the conten~ of cardiolipin increased at the cost of phosphatidylglycerol in the early stationary phase [86] [87] [88] , H0wever, because in both cases the cells were grown in complex media it is difficult to attribute these changes to exhaustion of a specific component in the medium or any other environmental factors. In contrast to exponentially growing cells, bacterial cultures entering stationary growth phase are known to transform unsaturated fatty acids into their cyclopropyl derivatives [88|. The significance of this post-synthetic modification of unsaturated fatty acids in phospholipids of the inner and outer membranes remains unknown. Mutants lacking the ability to synthesize cyclopropyl fatty acids have been reported to survive various environmental stresses such as nutrient exhaustion or varying oxygen tensions equally well as strains able to synthesize cyelopropyl fatty acids under these conditions [89, 90] .
In addition~ some reports describe changes in bacterial lipid composition during starvation. Reported values on disappearance of phospholipids from such cells range from approximately 10 to 99 .8% of the levels initially present [44, 5735] . Although these data indicate that during starvation phospholipids can be partly degraded and serve as endogenous carbon/energy sources, it is hard to imagine how a cell can retain its viability when its membrane phospholipid content is reduced to approximately 0.25~ of its normal value [75] except when replacing them with unphosphor~lated analogues. Several marine strains saturate cis-monoenoic fatty acids when exposed to starvation. This has been demonstrated for palmitoleic acid [75, 84, 91 ,92] and hcxa-and octadecanoic acid [841. in an unidentified marine Gram-negative rod a 20% increase of palmitic acid (16:0) was reported whereas shorter chain fatty acids (12 : 0, 14: 0, 15:0) remained constant [64] . Trans-unsaturated fatty acids, present in minor amounts in bacterial membranes, seemed to be resistent to reduction [64] . Therefore, the cis / trans ratio of unsaturated fatty acids in membranes decreased during prolonged starvation. This increase of saturated fatty acids in the cell membrane should lead to a marked decrease in its fluidity and thereby slow down diffusion of metabolites through the membrane [93], A reduction in membrane diffusivity could be advantageous during starvation and could help to maintain membrane potential and ion gradients in energy-depleted cells [94] , Lipoteichoic acid contents of Gram-positive bacteria have been observed to decrease significantly in stationary phase cells. In Streptococcus tautens 10-17~ of the total llpoteichoic acid was found in the medium during exponential growth. At the onset of the stationary phase as much as 50% of this polymer which is normally anchored in the cytoplasmic membrane was lost into the medium. Further incubation resulted in almost complete loss of this polymer [95] .
Changes in the peptidoglycan layer have predominantly been studied in Gram-positive bacteria [37,39,0t~ -98]. In particular, turnover rates of celt wall components during the different phases of growth have been determined. For Bacillus megaterium peptidoglycan turnover during exponential growth was found to be proportional to the growth rate and up to 30-50~ of the cell wall was lost during one cell cycle, whereas during the sta-29 tionary phase for both B, megaterium and Bacillus subt:lls, negligible turnover was observed [371. As a consequence growing cells are generally more susceptible to cell wall active agents [96, 991 . For a discussic, n of the influence of the availability of phosphorus on Gram-positive bacteria see section 4.3. With respect to Gram-negative bacteria the peptidoglycan layer of stationary phase calls has been reported to be crosslinked to a higher extent than in cells from the exponential growth phase [96, 100] . Also, restriction of certain amino acids can lead to alterations in cer. wall composition [96] . Recently, it was observed that the thickness of the sacculus of E. coli increased from 6.6 +_+_ 1.5 nm in exponentially growing cells (complex medium) to g.g 4-1.8 nm in the stationary phase |101] which corresponds to art increase from two to three layers to four to five layers of peptidoglycan.
Various other less well defined alterations in bacterial surface characteristics, such as the formation of fibriilar structures and mucopeptides. increased surface h~cdrophobicity and :-:.'fp+ce roughness or formation of vesicles on the bacterial surface have been reported to occur during transition from exponential growth to starvation [t02 -104] . Whether alterations with respect to Slayer composition and structure can occur in response to changes in the nutritional status has as yet received no attention.
DNA
In all bacterial cultures entering the stationary phase initiated rounds of replication of the chromosome have to be completed [17, 105, 106] and an increase in DNA content, based on cell mass, by 15-20% has been reported for many bacteria to occur within the first few hours after carbon depletion [71,107A08] , Even cells in cultures exhausted of the primary carbon and energy source should face little problems for completion of DNA synthesis because lifts requires comparably little energy [106[. In analogy to the cellular processes taking place alter phosphorus exhaustion (see section 4.3.) RNA can be expected to supply the building blocks for DNA synthesis in stationary phase cells of carbon-depleted cultures. in ceils subjected to long-term starvation, an additional increase in DNA per biomass within the range of 10-20% was observed [71, 74, 108] . This effect cannot be attributed to de nero synthesis of DNA but results from endogenous degradation of cellular components such as RNA or proteins. Immediately after carbon exhaustion activities of enzymes involved in DNA repair, i.e. endo-and exonucleases, were reported to decrease [t091.
RNA
Most data concerned with changes in RNA content of bacteria do not differentiate between mRNA, tRNA and rRNA. However, mRNA is highly unstable, decays within a few minutes and accounts for less than 4% of the total RNA present in bacterial cells. Therefore, it is only the other more stable fractions that have to be considered when RNA degradation is discussed [106, 110] . At very low growth rateg tRNA is known to be considerably more stable than is rRNA [111] and one can coach& tiiat rRNA, which accounts for approximately 80% of the total RNA in a cell, will serve as a supply of building blocks and energy after carbon exhaustion. Whereas rRNA undergoes fast degradation, ribosomal proteins exhibit the same stability as other cellular proteins [112,1131.
The time which elapses after carbon exhaustion in batch culture before significant RNA degradation occurs depends on the presence of both internal storage compounds and intermediary products excreted into the medium during growth. Data on the degradation of RNA, in cultures grown in synthetic media with different carbon sources, have been reported for 1t. natriegens, A. cristallopotetes, Peptococx:us prevotii and E. ¢'oli [53, 71, [114] [115] [116] .
In all these examples cells first maintained their endogenous metabolism at the expense of intermediary products. When these products were removed by washing, and the cells, containing no storage products, were resuspended in a carbonfree medium, degradation of RNA started immediately. In the presence of intracellular carbonaceous storage polymers the onset of RNA degradation was delayed I71,74, 77, 108, 114] . Furthermore, the presence of excess magnesium in the starvation medium had a RHA-stabilizing effect [117, 118] . During degradation of RNA, excretion of both phosphate [119] and UV-absorbing material, i.e., purines arid pyrimidines [77] , has been reported, indicating that initially the ribose moiety was metabolized and probably used as an energy source. At a later stage UV-absorbing material was shown to disappear also from the medium. From starvation type experiments there is evidence that degradation of RNA in stationary phase eells results in excretion of surplus ammonium [74,771.
Most results on the degradation of RNA have been obtained from starvation experiments and, depending on duration and the starvation medium used, as much as 80~ of the total RNA can be degraded [71, 74] . Even though RNA is degraded during the stationary phase, it has been shown, using radiolabelled RNA precursors, that new RNA was still synthesized at 10% of its rate of synthesis during exponential growth [120] [121] [122] .
~'. Protein
Degradation of protein has been observed in both exponentially growing and stationary phase cells. Under the former condition the rate of protein turnover is low, approx. 1-3% h-i in E. coli, S. typhimurium and various Bacillus species, and usually increases to 5-7% h -~ after carbon exhaustion {112, [122] [123] [124] [125] .
In most cases, net protein degradation during the first hours of the stationary phase has been observed to virtually zero as shown in Fig. 8 [53,74,119]. During this initial time period depletion of the intracellular pool of flee amino acids [74, 126, 127] and degradation of RNA proceeds at considerably faster rates than dogs protein degradation. This indicates that during this time the increase of protein turnover must be due to rearrangement of the protein composition of the cells in order to adapt their set of enzymes to starvation conditions [31, 80, 81, [128] [129] [130] [131] . Recently, Matin and co-workers [80, 128] have demonstrated that in E. coli synthesis of at least 30 polypeptides was either initiated or enhanced during the first hours following carbon starvation and that the same proteins were expressed in stationary phase cells after depletion of glucose. lntracellular action of proteases is essential for both growing and starving cells [132] since E. coli mutants lacking certain peptidases exhibit considerably reduced starvation survival characteristics [t28,133] . The same effect was observed when protein synthesis during carbon starvation was inhibited by addition of chloramphenicol [134] . Analogous to the heat shock response, where at least one of the proteins induced is a protease (protease la) [132] , it has been speculated that some of the proteins expressed as response to carbon starvation also play a role in proteolysis [80,1251.
ATP
Reviews on the influence of growth conditions on the adenylate content and energy charge of bacterial cells have been published earlier [135, 136] , However, data where changes have been documented in intracellular adenylate concentration during the transition from exponential growth to stationary phase caused by carbon exhaustion are scarce. Whereas in B. nafriegens both ATP concentration and energy charge remained essentially the same before and after glucose exhaustion (7-9 nmol per mg bacterial dry weight and 0.9-0.95, respectively) [45, 53] 
2. Nitrogen exhaustion
Under conditions where there is ample supply of suitable carbon sources but the availability of nitrogen is restricted, one of the most striking characteristics of many bacteria is their ability to accumulate large amounts of reserve polymers. These intraceUular reserve materials can comprise carbonaceous polymers such as glycogen, lipids or PHB granules, which in many cases seem to contain considerable amounts of other short-chain B-hydroxy acids [139] , and polyphosphate in the form of volutin granules. Many microbes arc well known for their copious production of extracellular slime layers, capsules and/or polysaccharides under these conditions [140, 141] . Such abilities should markedly influence the pattern of biomass production observed for nitrogen-depleted batch cultures. For a microbe unable to store any form of storage polymer, and such spocies are indeed known [78] , growth in batch culture can be expected to end as abruptly when nitrogen is exhausted as it is observed for carbon-limited cultures, in contrast, for cells able to incorporate storage polymers a further increase of blomass would be expected, although at a slower rate, after exhaustion of the nitrogen source. This latter growth pattern can be observed, and the results typically obtained for a culture of K.
pneumoniae limited by the availability of ammonia are shown in Fig. 9 . An increase in dry weight by approximately 10% after exhaustion of nitrogen seems to be repre~entative for many bacterial strains growing under these conditions, e.g., B. natriegens, E, coil or P. aeruginosa [45, 53, 70, 142] . This increase in dry weight can be attributed to storage polymer incorporation [53, 66, 78] .
In E. coil deposition of glycogen up to 14% (w/w) concomitant with the accumulation of polyphosphate has been reported [45, 78, 140, 143, 144] . B.
natriegens is known also to synthesize PHB along with glycogen [53] , and a Pseudomonas sp., isolated from activated sludge, accumulated glycogen, PHB as well as lipids [72] . In contrast to most bacteria, some yeasts can almost double their cell mass after nitrogen exhaustion as a consequence of carbohydrate and/or lipid accumulation [13, [145] [146] [147] . Incorporation of storage compounds should lead to a dilution of other cell constituents. This is seen in the data for the protein and carbohydrate content of K. pneumoniae given in Fig. 9 . Similar results have been obtained for E.
coil [144] . The data for K. pneumoniae shown in Fig. 9 clearly indicate that accumulation of storage compounds, reflected in the increase of the total carbohydrate content, was initiated long before complete depletion of the nitrogen source, Strong evidence for the conclusion that the decrease in the cellular protein content during the first hours of nitrogen starvation must be due to dilution by incorporation of storage polymers stems from experiments on protein turnover rates in cells of E. coil Although protein turnover is known to increase in ceils exposed to nitrogen starvation (3-5% h i in contrast to 1% in exponentially growing cells; see refs. 148-150), no net degradation of protein occurred in this phase [144] and degradation of protein was balanced by resynthesis [120] . Deprivation of ammonia leads to expression of a number of proteins which belong to the so-called nitrogen (Ntr) regulon [20] . Using two dimensional gel electrophoresis induction of at least 24 proteins was observed in cells of
S. typhimurium in response to nitrogen starvation
Igll. Some of the synthesized polypeptides have been reported to be specific for ndrogen starvation conditions, whereas expression of other proreins was observed to be less specific and respond, in addition to nitrogen starvation [81] , to a variety of other stress conditions applied. Amongst the proteins are the enzymes of the high-affinity ammonium assimilation system (GS/GOGAT) and various amino acid binding and transport proteins [20, 151] . Although the regulation of the synthesis of specific enzymes involved in ammonia assimilation has been investigated under nitrogen-limited growth conditions in the chemostat [152, 153] , virtually no information is available on the dynamics of expression of these enzymes in batch culture.
In analogy to growth in carbon-limited batch culture cell number can be expected to yield at the most a 4.fold increase due to completion of DNA synthesis. Such results have i~. fact been obtained for $. typhimurium starved for tryptophan in the presence of a carbon source [17, 154] .
Although degradation of RNA has been observed in cells subjected to nitrogen exhaustion, the extent of degradation was usually considerably lower than that found for cells starved of carbon [53] , After 24 h nitrogen starvation the content of RNA in cells of If, pneumoniae was found to be twice as high as in carbon-limited cultures [67] . Because these authors related the RNA content to total cellular nitrogen no comparison with dry weight can be made. The difference in RNA content of cells starving for carbon or for nitrogen was most probably due to the fact that, in the absence of storage compounds in carbon-starved cells, RNA served as a primary source of energy. This is consistent with the observation that in a strain of Is. aerugtnosa incapable of accumulating carbonaceous storage compounds similar rates of ribosome degradation were observed irrespective of whether carbon or nitrogen was the growthlimiting nutrient [155] .
in addition to incorporation of intracellular reserve material many bacteria are known to excrete large amounts of exopolysaccharides (either in form of capsules or as slimes) and/or overflow metabolites when exposed to nitrogen starvation [140, 155, 156] . Under such conditions cells of K. pneumoniae were reported to be surrounded by large capsules and the exopolysaccharide content accounted for up to 60% of the bacterial dry weight [661. Although exopolysaccharide production is also known to occur when growth is restricted by phosphorus, sulphur or potassium, it seems to be most pronounced under combined nitrogen and oxygen limitation [140] . Information on excretion of overflow metabo|ites such as pyruvate, 2.oxoglutaratc and other undetermined carbohydrates has been obtained mainly from nitrogen-|imited chemostat cultures [156] . The use of glucose as the carbon source seems to promote excretion of metabolites in K. pneumoniae [12.156] . Results from Fig. 9 suggest that whereas glucose was consumed to completion within the first three hours of the stationary phase, the DOC remained virtually unchanged, and extracellular products other than acetate were formed. It has been shown for B. natriegens that nitrogen-limited stationary phase cells were able to utilize acetate formed during exponential growth after exhaustion of glucose, the primary carbon source [45, 53] .
With respect to energy charge and nucteotide pool sizes no uniform response has been observed. Whereas in E. colt strain K12 nitrogen exhaustion caused a rapid fall in concentrations of ATP, ADP and AMP, an increase in the ATP pool was observed for strain W4597 [157] and strain B [137] . In B. natriegens, independent of whether suceinate or glucose was used as carbon source, a massive increase in the ATP content was reported for nitrogen-limited stationary phase cells [45, 53] .
In most reported experiments nitrogen-limited cells were able to use up all the carbon source supplied relatively quickly and transform it into carbonaceous storage products, extracellular polymers and overflow metabolites. As a result, extended exposure of cells to nitrogen limitation always resulted in concomitant carbon starvation. Thus, attempts to investigate changes in cell composition over an extended period of time under nitrogen-limited conditions had to cope also with the problems of carbon exhaustion.
Phosphorus exhaustion
In batch cultures a continuously decreasing growth rate has been observed as a response to phosphorus depletion (Fig. 10) . However, most experiments reported in the literature suffer from the fact that it was the exhaustion of the carbon source that caused the termination of growth and not the restricted availability of the phosphorus source. With K. pneumoniae, we observed up to a 6-fold increase in dry weight after phosphate exhaustion [6] . A corresponding increase in cell number was reported for E. cob [1581. Even without any data on cell size one can assume that cell volume will decrease primarily as a result of a continuously decreasing growth rate [I06] since carbon and nitrogen are plentiful.
Acetate was found to be the main product excreted by K. pneumoniae after phosphate exhaustion as shown in Fig. 10 . This is in contrast to results reported for the same organism under phosphate-limited growth conditions in ehemostat culture, where 2-ketog[uconate was the predominant product [159[ Acetate produced in the exponential and deceleration phase was used as a growth substrate only upon exhaustion of the initially supplied glucose [160] .
Data concerning the extent of accumulation of storage compounds due to phosphate limitation as rep(~rled for K. pneumoniae, E. coli. Arthrobacter. sp. and a marine Gram-negative strain vary considerabIy [64, 66, 161, 162] . In K. pneumoniae lhe content of total carbohydrates increased only slowly ( (Fig. 9 ). This might be a reason for the variability of data in the literature. The protein content of cells of E. coli [158] and K. pneumoniae ( Fig. 10) was constant or decreased only slightly after exhaustion of phosphorus, Also in fungi, the degree of phosphorylation of exopolysaecharides produced is strongly dependant on the availability of phosphorus [140] , Probably the most striking transition as a consequence of phosphate limitation is observed in the cell walls of Gram-positive bacteria. It has been known for many years from chemostat studies that under phosphate-sufficient growth conditions cell walls of Bacillus spp. can consist of up to 50% of phosphate-containing teichoie acids. Under phosphate-limked conditions teichoic acids are replaced by phosphate-free teichuronic acids [106, 163] . Direct electron microscopic evidence for this change in eel; wall composition has been presented recently for B. subtll~s during transition from magnesium-to phosphorus-limlted growth conditions [40, 164, 165] . A similar replacement of teichoic acids by teichuronic acids can be expected to take place in batch culture after phosphorus exhaustion. Because exponentially growing Orampositive bacteria can lose up to 50% of their cell wall into the medium, one can imagine that after p~osphate depletion the sloughed-off wall material can become a major source of phosphorus for the cells. There is strong evidence that the content of the cytoplasmic membrane associated phosphoruscontaining lipoteichoie acids in Gram-positive bacteria decreases to 10% or less if compared to unrestricted growth conditions [95] . Also, there are indications that in Bacillus spp. phospholipids can partly be replaced by their unphosphorylated analogues [1661.
When cells contain no volutin granules, RNA is the major internal source of phosphorus. This is reflected in the high rate of RNA disappearance (10-15% h 1) in cells of E. colt following phosphate exhaustion [158] . When ~NP. was labelled with 32p, these authors found that o0~ of the label was transferred into DNA after phosphate depletion. Parallel to the degradation of RNA the complete depletion of the cellular orthophosphate pool has been reported [167] . In cells of K. pneumendae, containing volutin granules, polyphosphate was degraded and served as a source of nucleic acid phosphorus immediately after the ceils were subjected to phosphate starvation [68, 168] .
As a response to phosphate starvation induction of 29 proteins was observed in S. typhimurium [81] and expression of at least 22 genes was highly induced in E. colt [128, 169] , Amongst these proteins, belonging to the so-called phosphate reguIon, are various enzymes involved in phosphate transport and metabolism, such as alkaline phos-phatase, a phosphorus binding protein, a high-affinity phosphate carrier and also an outer membrane porin [170] [171] [172] .
Sulphur exhaustion
After complete exhaustion of sulphate a further increase in biomass ";7 23~ within 4 h was observed in batch culture of K. pneumoniae (Fig.  1l) . The thr.,,e-phased growth pattern, with the reproducible slow-down in growth rate when the residual sulphate concentration had dropped to 2-3 mR/I, was characteristic for sulphate-depleted growth of this bacterium. Results reported by Holme and Palmsfierna for E. coli suggest a similar growth pattern [161] . The reduced rates of both sulphate uptake and growth below sulphate concentrations of 2 mg/i might be explained by the mechanism of sulphate transport regulation. It is known from both E. coil and $. typhimurium that sulphate is transported into the cell via a sulphate permease (apparent K m value for sulphate is 3.66 mR/I). In addition, low amounts of a sulphatebinding protein are present in the periplasmic space. It has been reported that ceils of S. typhimurium respond to sulphur starvation primarily by producing large quantities of this sulphatebinding protein, but not of sulphate permease [173] [174] [175] . Therefore the observed reduction in the rate of sulphate consumption might be due to the time required for the expression of the sulphate binding system. The carbon balance calculated for the data in Fig. 11 indicated that in addition to acetate large amounts of other products were excreted after sulphuc exhaustion. Incorporation of the storage polymer glycogen was reported in sulphur-deplated cells of K. pneumomae, E. coil and B. sub, ilis, however, compared to nitrogen-starved cells, accumulated glycogen levels were always low I70,161]. In our experiments no dilution of protein or increase in carbohydrate content was observed after depletion of sulphate in calls of K. pneumonine (Fig. 11) .
The increase in dry weight after exhaustion of sulphate is comparable to that observed for nitrogen depletion. Nevertheless, the changes in cellular composition following sulphate exhaus- tioa clearly differ with respect to carbohydrate and protein contents (Fig. 9, 11) . The response of a sulphur-starved culture of K. pneumoniae with respect to biomass formed and cellular protein content is surprtsingly similar to that observed for an auxotrophic mutant of S. typhimurium starved for tryptophan [154] . This pattern of response seems logical since staz cation for sulphur, besides affecting the levels of sulphur-containing coen-zym~, will immediately restrict protein synthesis. It remains open for investigation as to how much of the sulphur present in cofactors can be transferred into proteins. The 23% increase in biomass, with constant protein content (Fig. 11) , suggests that this transfer actually occurred, It might be interesting to see whether a "stringent response"- like behaviour can be observed in sulphur-depleted cells.
Potassium exhaustion
After depletion of potassium, the biomass of K. pneumoniae almost doubled before the growth ratu gradually decreased (Fig. 12 ). Up to a 3-fold increase in dry weight was found until growth ceased despite the persistence of glucose [6] . Virtually identical results have been reported for potassium-limited growth of E. coil I176]. Although cells grew exponentially (0,63 h-t ) 1(. pneumoniae never reached the maximum growth rate possible (0.92 h-t) observed under conditions of excess potassium ( Fig. 8-11) . A similar reduction in the maximum growth rate was observed for E. coil in experiments with decreasing initial potassium concentrations [177] . This might be due to the fact that the maintenance of the high potassium gradient seems to be energetically expensive [106,172, 178-1801, Also, low internal potassium concentrations are known to reduce the rate of protein synthesis [181] .
Acetate excretion paralleled the increase in biomass (Fig. 12) . The carbon balance indicates that other products were also formed and the carbon missing from the balance suggests that one or several of these metabolites (but not acetate) were reutilized simultaneously with glucose in a later stage of growth. No glycogen or polyphosphate accumulation was reported for cells of K. pneumoniae [67, 70] , and both total carbohydrate and protein content remained constant (Fig. 12) .
The regulation of potassium transport and the role of potassium as both an enzyme activator and as the predominant monovalent cation for maintenance of cell turgor have been reviewed recently 11801. In K coli, both a constitutive low affinity and an inducible high-affinity potassium uptake system have been shown to operate,
CONCLUDING COMMENTS
In a selective rather than a comprehensive manner we have tried to review and document the enormous flexibility of microbial cells in their response to the changing availability of essential nutrients in batch culture. An overview of the observed changes in some selected cellular parameters in response to different nutrient limitations in batch culture is given in Table 1 . Although we have restricted the discussion to the five nutrients carbon, ,';r,'egen. phosphorus, sulfur and potassium the data presented for K. pneumoniae in Figs. 8-12 illustrate that the nature of the nutrient restricting growth in batch culture has a strong influence on the subsequent pattern of cell growth and composition. Clearly, for diffi:~ ~-ent nutrients, the potential for internal mobilization and reallocation of essential cellular constituents, afte, their external availability has become restricted, is not the same. If the nutrient in question is eovalently bound it requires partial or even complete degradation of cellular components containing this nutrient. Unlike the case of nitrogen and sulphur, where rcaUocation is relatively difficult, extensive reallocation of phosphorus enables the cells to continue growth long after the nutrient had been exhausted in the medium. For potassium growth is gradually affected by dilution of the cation within newly formed cells. This holds probably as well for other non-covalently bound cations and anions.
Admittedly, to approach experimentally the dynamics of cellular composition in batch culture is in many cases a difficult and tedious task. Nevertheless, it is somewhat disappointing to see that in otherwise biochemically detailed studies crucial culture parameters, such as the nature and concentrations of growth-limiting substrates are frequently not reported or only poorly documented. This is especially obvious from studies on the regulation of enzyme synthesis in microbes during batch culture, where information is rarely given on the dynamics of this process. This drastically reduces the value of such data for physiological interpretation of the biochemical phenomena under investigation and oft~ll makes comparison of data from different research groups virtually impossible.
A better fundamental understanding of the dynamics of cellular processes occurring following exhaustion of specific nutrients from the growth medium is certainly required. Such information could be of immense importance in the biotechnological industry where batch and fed-batch culture conditions are frequently encountered.
